Abstract Intercalating fluorescent probes are widely used to visualize DNA in studies on DNA-protein interactions. Some require the presence of adenosine triphosphate (ATP). We have investigated the mechanical properties of DNA stained with the fluorescent intercalating dyes YOYO-1 and YOYO-3 as a function of ATP concentrations (up to 2 mM) by stretching single molecules in nanofluidic channels with a channel cross-section as small as roughly 100×100 nm 2 . The presence of ATP reduces the length of the DNA by up to 11 %. On the other hand, negligible effects are found if DNA is visualized with the minor groove-binding probe 4′,6-diamidino-2-phenylindole. The apparent drop in extension under nanoconfinement is attributed to an interaction of the dye and ATP, and the resulting expulsion of YOYO-1 from the double helix.
Introduction
Single-molecule fluorescence microscopy is a powerful tool to explore the statistical, mechanical, and transport properties of DNA [1] [2] [3] [4] [5] . It in particular enables nanofluidic methods for genome analysis that aid rapid sequence assembly and elucidate structural variations as well as haplotype [6] . Since DNA is not fluorescent, it must be stained with fluorescent dyes. One of the most commonly used dyes in such experiments is the bis-intercalator YOYO-1. YOYO-1 forms a very stable complex with double-stranded DNA (dsDNA) and undergoes about 500-fold fluorescence enhancement upon binding, thus providing high signal to noise ratio [7] .
Intercalating dyes affect both the mechanical and structural properties of DNA [8] [9] [10] . Generally, YOYO-1 causes DNA elongation, and it is assumed that the contour length of dsDNA complex with YOYO-1 increases linearly with increasing staining ratio by up to 35 % compared to native DNA [9, 11, 12] . This lengthening effect originates from the fact that each YOYO-1 molecule separates two pairs of neighboring DNA base pairs by~0.4 nm [13, 14] . Currently, contradicting ideas exist about how YOYO-1 binding alters DNA rigidity, with results ranging from a decreased persistence length [9] , over unchanged persistence length [12, 15, 16] , to an assumed increase in persistence length [2] . The more recent studies favor a persistence length that is independent of YOYO-1 concentration.
An alternative to intercalating fluorescent dyes is DAPI (4′,6-diamidino-2-phenylindole). It attaches inside the minor groove of A-T rich DNA sequences [17] . DAPI is a useful fluorescent dye to visualize DNA molecule as it shows insignificant effect on the local structure of DNA. In particular, DAPI does not inhibit the enzymatic activities of many restriction endonucleases [18] . However, it was found that DAPI exhibits a marked effect on the higher order structure of DNA [19] .
Many factors such as proteins and coenzymes can alter the stability of fluorescence dye binding and therefore exert an effect on DNA contour length. In our previous work we showed that T4 DNA ligase can change the DNA configuration in nanochannels [20] . This protein requires ATP as a cofactor. Given the near ubiquity of ATP as a coenzyme, it is useful to know how it interacts with staining agents in order to decouple that interaction from observations and extract the true phenomena of interest. Therefore, we here study the effect of ATP on YOYO-1, YOYO-3, and DAPI stained λ-DNA.
Stretching of DNA in nanochannels is applied here as the main analytical technique for following DNA configuration [21] . Such nanochannels have a cross-section on the order of 100×100 nm 2 , and a length of 100 s of micrometers. After DNA is brought into a nanochannel, it will assume an equilibrium configuration that is governed by the channel crosssection, the contour length of DNA, its persistence length, and its width [22] . Example data is shown in Fig. 1 . The dependence on the persistence length and width make nanochannel stretching a promising probe for these parameters as a function of buffer conditions and protein binding [23] . DNA inside nanochannels fluctuates [24, 25] , and can thus explore many possible configurations during a single experiment.
We present an investigation of the influence of ATP on the configuration of long DNA strands under nanoconfinement. We introduced λ-DNA molecules into nanochannels and observed extended DNA configurations fluctuating around the equilibrium point. A contraction of bis-intercalator stained DNA in the presence of ATP is found. In contrast, DAPIstained DNA is not affected by ATP. , New England Biolabs, www.neb.com) was added to prevent sticking of DNA to the nanochannels. Adenosine triphosphate (ATP) at concentrations of 0.5, 1, and 2 mM were investigated. For preparing Bquick-stained^DNA, DNA and YOYO-1 were incubated for 30 min at room temperature. For preparation of an Bequilibrated^stained DNA, solutions were incubated for 48 h at 4°C.
All experiments used mixed micro-and nanofluidic devices made from fused silica, which were prepared by methods discussed elsewhere [26] . Nanofluidic channels with 80×  80 nm   2   , 100×100 nm   2   , 130×130 nm   2   , and 150×150 nm   2 cross-sections and a length of 200 μm were placed between microchannels [27] . Each DNA molecule is driven from microchannel to nanochannel by a hydrostatic pressure gradient. After the DNA molecule has entered the nanochannel, the pressure gradient was removed and the dynamics of molecules were observed. Molecules were observed using a fluorescence microscope with a 1.3-N.A. oil-immersion microscope objective under illumination from a metal halide lamp, and images were recorded by an emCCD camera (Andor, www.andor.com).
For calculating the end-to-end extended length of DNA molecules, we fitted the brightness along the molecule backbone to
Here I(x) is the intensity along nanochannel, σ is the slope of the edge, I 0, x c , l, and I b are the brightness, center position, length, and background signal, respectively. Only hairpin-free molecules were considered for analysis.
Results and discussion
In Fig. 2a we show the extension of YOYO-1 Bquick-stainedD NA inside nanochannels with and without added ATP, at the same conditions as in our previous publication [20] . We observed a significant shortening of DNA upon addition of λ-DNA+ATP (2mM) λ-DNA+ATP (0mM) Fig. 1 Nanochannel-stretched DNA (48.5 kbp) stained with YOYO-1 is sensitive to ATP concentration in buffer. Nanochannels with a crosssection of 80×80 nm 2 were used to stretch DNA
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Fig. 2 a) Cumulative distribution function (CDF) of extensions of
Bquick-stained^, YOYO-1 bearing DNA without ATP (blue circle), and with 1 mM (red square). Measurements were performed in channels with 100×100 nm 2 cross-section and 60 molecules for each condition. b) CDF of DNA with equilibrated YOYO-1 stain at 0 mM ATP (blue circle), 0.5 mM ATP (red square), 1 mM ATP (green multiplication sign), 2 mM ATP (cyan diamond). There are over 100 molecules for each condition, and the channel cross-section is 130×130 nm 2 1 mM ATP (Table 1 ). This shortening may be an effect that is peculiar to quick-stained DNA, because quick staining produces inhomogeneous fluorescence along the length of the DNA. In comparison, longer equilibration times promotes uniform stating, which indicates that dye-interaction is a dynamic process [28] .
To investigate whether the shortening effect in Fig. 2a is specific to quick-stained DNA or whether it is a general property, we exposed DNA with an equilibrated YOYO-1 stain to a range of ATP concentrations (Fig. 2b) . We observed that concentrations as low as 0.5 mM alter the DNA length (Table 1) . Furthermore, as we increased the concentration, the apparent shortening became more dramatic, i.e., the strength of the ATP effect depends on its concentration. Thus it appears that ATP alters both quick and equilibrated stained DNA, but that its effect on quick-stained DNA is stronger. This would suggest that ATP's effect is stronger when the dye has not had time to fully thermalize and that it may be linked to the some redistribution of dye along the DNA. The extension observed in Fig. 2b was slightly smaller than that in Fig. 2a because wider nanochannels (130×130 nm 2 ) were used. ATP's molecular structure consists of a phosphate chain, a sugar, and a nucleoside base. To explore which part of ATP is interacting with DNA or YOYO-1, we repeated the same experiment with GTP (Guanosine triphosphate) and AMP (adenosine monophosphate). GTP has the same triphosphate chain as ATP but a different nucleoside, while AMP has the same nucleoside as ATP but only one phosphate group (Fig. 3) . It is apparent that all of those nucleosides alter DNA length (Table 1 ). In particular the effects of GTP and ATP are quite similar.
In contrast, the effect of AMP is less pronounced, pointing to a dependence on the size of the phosphate chain. We would naively anticipate an ionic strength of~15 mM in the absence of ATP, and of~25 mM in the presence of 2 mM ATP, which according to Reisner et al. led to a reduction of up to 8 % in extension along the channel axis [23] . Given the complex behaviour of ATP and AMP, the prediction of the buffer strength effect is fraught with considerable uncertainty, but it is safe to assume that AMP should carry at most half the contribution of ATP. However, the differences between the lengths are far less than half the amplitude of the peak shift, and so it does not appear that the ionic strength effect makes the leading contribution.
One of the possibilities for the apparent shortening may result from an interaction between ATP and YOYO-1 in solution leading to less free dye available for staining of DNA. Such an interaction could be driven by the high positive and negative charges, respectively. The drop in the staining ratio would result in shorter molecules.
To further support our hypothesis of ATP-YOYO-1 interaction instead of an ATP-DNA interaction, we repeated the measurement on DNA stained with DAPI, a minor groove binder (Fig. 4a) . It is apparent that the DAPI-stained DNA is not affected by ATP to the same extent that YOYO-1 stained DNA is (Table 1 ). This strongly suggests that the hypothesis of ionic strength-driven contraction is not correct.
In order to confirm that ATP does affect bis-intercalated dyes other than YOYO-1, we repeated the same experiment with YOYO-3, which is also a bis-intercalating dye. We observed an effect similar to what we observed on YOYO-1 stained DNA Fig. 4b , (Table 1) .
Conclusions
We have investigated the physical behavior of nanoconfined, bis-intercalator-stained DNA in the presence of ATP. In particular, the extensions of DNA molecules reduced when more than 1 mM ATP was added to YOYO-1 and YOYO-3 stained DNA. By comparing ATP, AMP, and GTP, we concluded that that the action of ATP is through an action of the nucleoside on the dye that is intercalated into the DNA. On the other hand DAPI-stained DNA is not affected by ATP to the same extent as YOYO-1 stained DNA.We believe that this result is important because it could lead to a considerable artifact when studying the interaction of DNA and ATP-dependent proteins on YOYO-1 stained DNA.
